INTRODUCTION
============

Osteoarthritis (OA) is one of the most common causes of disability in the elderly, characterized by an imbalance between the synthesis and degradation of articular cartilage matrix, especially collagen and proteoglycan \[[@B1],[@B2]\]. Interleukin (IL)-1 is the main cytokine causing articular cartilage destruction by inducing chondrocytes to express matrix metalloproteinases (MMPs) and aggrecanase (a disintegrin and metalloprotease with thrombospondin motifs, ADAMTS) in a paracrine and autocrine fashion \[[@B3]\].

Although therapeutic strategies targeting cartilage degradation, such as anticytokine therapy mainly focusing on IL-1, have been emerging, most pharmacological treatments target the resulting pain \[[@B4]\]. Many medicinal plants and their ingredients have been tested for chondro-protective activity \[[@B5]\].

SKI306X (Joins tablet, SK Chemicals Co., Seoul, Korea) is made from three medicinal plants, *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK), mixed in a weight ratio of 1:1:2, and used traditionally for inflammatory conditions such as various forms of arthritis \[[@B6]\]. SKI306X has chondro-protective and anti-inflammatory effects in *in vitro* and animal models of OA \[[@B6],[@B7],[@B8]\]. Furthermore, a clinical trial has demonstrated that SKI306X decreases joint pain and improves functional capacity in OA patients \[[@B9],[@B10]\]. However, all published *in vitro* studies demonstrating the anti-OA effects of SKI306X have employed chondrocytes from bovine and rabbit articular cartilage \[[@B6],[@B7],[@B8]\].

The goal of this study was to examine the effect of SKI306X and its components on glycosaminoglycan (GAG) degradation in human OA cartilage explants and its impact on cytokine-induced expression of anabolic and catabolic genes involved in cartilage homeostasis. We also examined whether preparative liquid chromatography fractions of SKI306X and its herbal components contain inhibitor(s) of MMP-13 and ADAMTS-4.

METHODS
=======

Materials
---------

Human IL-1β and oncostatin M (OSM) were purchased from R&D Systems (Minneapolis, MN, USA). SKI306X and its individual components, CM, PV, and TK were generously provided by the Life Science R&D Center of SK Chemicals (Seongnam, Korea).

Human osteoarthritic chondrocytes
---------------------------------

Articular cartilage samples for preparing chondrocytes were obtained from OA patients undergoing total knee arthroplasty. The Hanyang University Institutional Review Board approved this study, and cartilage samples were obtained after written informed consent was granted. Cartilage samples were cut into small pieces (about 2 × 2 mm), washed in Dulbecco\'s Modified Eagle\'s Medium (DMEM), and digested with a mixture of 1 mg/mL collagenase and 1 mg/mL hyaluronidase for 3 hours. After filtering through mesh, cell suspensions were washed twice with DMEM and centrifuged at 250 ×g for 5 minutes. The resulting cells were cultured and passaged in DMEM supplemented with 10% fetal bovine serum (FBS) under normal culture conditions (37℃, 5% CO~2~) until use (third or fourth passage).

Cartilage explant cultures
--------------------------

Human femoral condylar articular cartilage obtained from OA patients undergoing knee joint replacement surgery was prepared as described previously, with minor modifications \[[@B11]\]. Briefly, the cartilage was chopped into \~1-mm^3^ pieces with scissors, and 50 to 60 mg of cartilage in medium containing 5% FBS were incubated in each well of 24-well plates for 24 hours for stabilization. Following 4 day of culture, the supernatant was collected for GAG assays.

Cell viability assays
---------------------

Human OA chondrocytes from three patients were starved in medium with 0.5% FBS overnight, and treated with IL-1 (10 ng/mL) and SKI306X or its herbal components (50, 100, 200, and 400 µg/mL) for 24 hours. Cell viability was measured by MTT assay.

GAG degradation assays
----------------------

Human OA cartilage explants from three patients were incubated with IL-1β (10 ng/mL), IL-1Ra (500 µg/mL), and IL-1β + SKI306X (200 µg/mL), CM, PV, or TK (50 µg/mL, respectively). Proteoglycan loss from cartilage explants was determined by measuring the release of sulfated GAG into culture supernatants using a commercially available kit (Blyscan, Biocolor, Belfast, Northern Ireland).

Total RNA extraction and real-time polymerase chain reaction assays
-------------------------------------------------------------------

After starvation overnight and treatment with IL-1β (10 ng/mL) ± SKI306X (200 µg/mL) or its herbal components (50 µg/mL) for 24 hours, total RNA was isolated from cultured chondrocytes of 10 strains using RNAzolB (Tel Test Inc., Friendswood, TX, USA) and quantified by spectrophotometer. For assessment of ADAMTS expression, the IL-1β treatment step was modified; the IL-1β concentration was reduced to 0.02 ng/mL and OSM (10 ng/mL) was also added. RNA was converted to cDNA with reverse transcriptase (Promega, Madison, WI, USA) and used as a template for real-time polymerase chain reaction (PCR). Real-time PCR was performed using a LightCycler (Bio-Rad Lab Inc., Hercules, CA, USA) and specific primers for glyceraldehyde-3-phosphate dehydrogenase, type II collagen (COL2A1), aggrecan (AGC1), tissue inhibitors of metalloproteinases (TIMPs), MMPs (-1, -2, -3, -9, and -13), and ADAMTS-1, -4, and -5 ([Table 1](#T1){ref-type="table"}).

SKI306X fractionation by preparative liquid chromatography
----------------------------------------------------------

SKI306X was fractionated by medium-pressure liquid chromatography (MPLC, Biotage LLC system, Charlotte, NC, USA) using a prepacked C~18~ reverse-phase column (120-g KP-C18-HS SNAP Flash Cartridge, Biotage, Uppsala, Sweden). The mobile phase comprised water and acetonitrile (AN) in a gradient of ratios: 5% AN at 0 to 10 minutes, 5% to 35% AN at 10 to 100 minutes and 35% to 100% AN at 100 to 120 minutes. The flow rate was set at 50.0 mL minutes^-1^ and the detection wavelength was 210 nm.

SKI306X (3 g) was suspended in the mobile phase (3 mL) of the initial MPLC conditions and loaded on a column. Thirty-six 170-mL fractions were collected in each of 10 independent runs. Each fraction was collected and evaporated *in vacuo*.

Screening for inhibitors of MMP-13 and ADAMTS-4
-----------------------------------------------

We screened for inhibitors of MMP-13 and ADAMTS-4 by detecting MMP-13 and ADAMTS-4 activity using fluorescence resonance energy transfer (FRET) peptides (SensoLyte MMP-13 and Aggrecanase-1 Assay Kit, AnaSpec, San Jose, CA, USA) as substrate in the presence of SKI306X, its herbal components, or 1 of the 36 fractions of SKI306X obtained by HPLC. Various index materials (vanillic acid, rosmarinic acid, protocatechuic acid, 4-hydroxybenzoic acid, oleanolic acid, caffeic acid, isoferulic acid, and ferulic acid) known to be present in SKI306X (all at 300 µg/mL), the MMP-13 inhibitor 4-aminophenylmercuric acetate and the aggrecanase-1 inhibitor TAPI-0 served as controls (Peptides International, Louisville, KY, USA).

Statistical analysis
--------------------

Statistical analyses were performed using SigmaPlot version 11.2 (Systat Software Inc., San Jose, CA, USA). Data were expressed as means ± SDs. Assays were performed in duplicate. Student *t* test or the Mann-Whitney rank-sum test was used to compare the control group and the IL-1β ± OSM-induced groups. Differences between groups were evaluated by one-way analysis of variance with *post hoc* tests. *p* values \< 0.05 were considered to indicate statistical significance.

RESULTS
=======

Cell viability
--------------

IL-1β ± SKI306X (up to 200 µg/mL) or its components (up to 50 µg/mL) did not affect chondrocyte viability. Only CM reduced viability to less than 80%, although this occurred in only one strain of chondrocytes (data not shown). Therefore, we used 200 µg/mL of SKI306X and 50 µg/mL of its herbal components in subsequent assays.

Degradation of human OA cartilage explants
------------------------------------------

To investigate the effect of SKI306X and its herbal components on IL-1β-induced degradation of cartilage, human OA cartilage explants were cultured with IL-1β in the presence or absence of IL-1Ra and SKI306X or its herbal components for 4 day. IL-1β induced GAG release (152.7% ± 25.2% vs. control, *p* = 0.026) ([Fig. 1](#F1){ref-type="fig"}), which was blocked by IL-1Ra. SKI306X and PV, but not CM or TK, significantly inhibited IL-1β-induced GAG release (SKI306X: 106.1 ± 4.3, *p* = 0.018 vs. IL-1β; PV: 122.8 ± 14.0, *p* = 0.009 vs. IL-1β).

MMP gene expression
-------------------

We next investigated the effect of SKI306X and its herbal components on IL-1β-induced expression of anabolic, catabolic, and TIMP genes. As shown in [Fig. 2](#F2){ref-type="fig"}, all MMP genes examined were up-regulated by IL-1β (*p* \< 0.001), and this up-regulation was inhibited by SKI306X and PV and CM, although not always statistically significantly so. In contrast, TK inhibited expression of only one of these genes, MMP-2.

Aggrecanase gene expression
---------------------------

IL-1β affected expression of the aggrecanase genes to varying degrees, including those implicated in the pathogenesis of OA ([Fig. 3](#F3){ref-type="fig"}). Thus, SKI306X up-regulated ADAMTS-4 and down-regulated ADAMTS-5. TK strongly stimulated ADAMTS-4 expression, while SKI306X, PV, and CM did not. SKI306X and PV further reduced ADAMTS-5 expression.

Anabolic gene expression
------------------------

IL-1β reduced AGC-1 expression (*p* = 0.017) ([Fig. 4](#F4){ref-type="fig"}), and this effect was increased by SKI306X, PV, and CM, but not by TK (*p* \< 0.001, *p* \< 0.001, *p* = 0.035, and *p* = 0.980, respectively). COL2A1 expression was also slightly up-regulated, albeit not significantly so. However, PV and TK decreased COL2A1 gene expression (*p* \< 0.05).

TIMP gene expression
--------------------

IL-1β up-regulated TIMP-1 expression (*p* = 0.032) ([Fig. 5](#F5){ref-type="fig"}), but its effect on TIMP-2 and TIMP-3 was not significant. SKI306X, PV, and CM showed a tendency to reduce IL-1β-induced expression of the TIMP genes, while TK had no effect.

SKI306X fractionation
---------------------

Our results to this point did not show unambiguously that SKI306X was favorable in the treatment of OA, since some of its effects, such as the increased MMP and ADAMTS expression brought about by TK, and the reduced expression of anabolic genes and TIMPs, might not reduce OA. On the other hand, SKI306X clearly inhibited OA cartilage degradation. These findings prompted us to fractionate SKI306X and identify useful fractions. The results of fractionation of SKI306X are shown in [Table 2](#T2){ref-type="table"}.

Screening for inhibitors of MMP-13 and ADAMTS-4 in SKI306X and its fractions
----------------------------------------------------------------------------

SKI306X and its herbal components (25 to 200 µg/mL), as well as 36 fractions of SKI306X (300 µg/mL) and eight index materials (300 µg/mL) were screened using fluorescently labeled substrate peptides; cleavage liberates FRET to activate fluorescence. Neither SKI306X nor its three herbal components significantly inhibited the activity of ADAMTS-4 or MMP-13 (data not shown). Furthermore, only one fraction of SKI306X (fraction 2) inhibited the activity of MMP-13 (31.6% compared to the positive control). On the other hand, five fractions (fractions 32 to 36) significantly inhibited ADAMTS-4 activity (activity; 18.5%, 8.3%, 14.3%, 16.8%, and 14.1%, respectively, compared to 100% in the control).

DISCUSSION
==========

Although clinical trials have demonstrated that SKI306X has therapeutic efficacy comparable to that of diclofenac and celecoxib, no *in vitro* studies have yet examined its chondro-protective effects in human cartilage or chondrocytes \[[@B10],[@B12]\].

In this study we identified a mechanism by which SKI306X and some of its herbal components may protect against cartilage damage in OA: inhibition of IL-1β-induced GAG degradation. This effect was in part a result of reduction of IL-1β-induced expression of catabolic genes, such as MMP-13 and ADAMTS-4.

Whereas previous *in vitro* experiments using rabbit and bovine chondrocytes employed concentrations of SKI306X of up to 300 µg/mL, we used 200 µg/mL of SKI306X and 50 µg/mL of its herbal components based on their effects on human OA chondrocyte viability \[[@B6],[@B7],[@B8]\]. This difference in sensitivity may be due to differences between species or between chondrocyte sources, since the human chondrocytes used in our experiments originated from elderly patients with OA, while the animal chondrocytes used in previous studies were derived from the cartilage of healthy young animals.

We examined the effects of SKI306X and its herbal components on IL-1β-induced expression of anabolic and catabolic genes in human OA cartilage, as has been performed previously for glucosamine \[[@B13]\]. Almost all MMPs and ADAMTS-4 were up-regulated by IL-1β and/or OSM, and SKI306X, PV and CM, but not TK inhibited this up-regulation, although the effects were sometimes not significant or variable among cell strains. MMPs were markedly up-regulated by IL-1β (10 ng/mL); because IL-1β had no effect on ADAMTS expression, we added OSM \[[@B14]\]. ADAMTS-1 was down-regulated by IL-1β and OSM, as reported previously \[[@B15]\].

Unlike SKI306X, PM, and CM, TK had little effect on or even increased cytokine-induced up-regulation of gene expression. Moreover, TK also did not inhibit GAG degradation in cartilage explant experiments. These results were contrary to the previous observation that TK inhibits cartilage degradation more effectively than CM and PV, probably by down-regulating MMPs \[[@B6],[@B7]\]. However, cytokines do not always up-regulate enzyme expression, as shown recently in the case of ADAMTS-4 \[[@B16]\]. Therefore, how SKI306X and its three herbal components affect MMPs and aggrecanase (ADAMTS-4 and -5) activity in human cartilage and chondrocytes needs further study. *In vivo* experiments in animal OA models using varying proportions of the three components of SKI306X, or perhaps mixtures of only CM and PV, would also help elucidate which components affect degradative enzymes.

MMP-13 and ADAMTS-4 and -5 have been thoroughly investigated as promising therapeutic targets in the management of OA, including high-throughput screens for novel inhibitors \[[@B17],[@B18],[@B19],[@B20],[@B21]\]. We screened SKI306X fractions for inhibitors of MMP-13 and ADAMTS-4, using as controls well-known inhibitory compounds and some index materials present in SKI306X. Only one fraction weakly inhibited MMP-13 activity, but fractions 32 to 36 inhibited the activity of ADAMTS-4 (18.5%, 8.3%, 14.3%, 16.8%, and 14.1%, respectively), which represents considerably greater inhibition than that possible using TAPI-0, a specific inhibitor of ADAMTS-4, (34.0% activity at 1,000 nM). Interestingly, neither SKI306X nor its three herbal components inhibited ADAMTS-4. Identifying the various active agents in the SKI306X fractions is an important next step towards potential OA therapeutics.

In summary, SKI306X and its component herbs inhibit cartilage degradation in OA patient explants. This inhibition may result in part from down-regulation of catabolic genes such as MMP-13 and ADAMTS-4. We also found that fractions of SKI306X contain ADAMTS-4 inhibitor(s). Inhibition of MMPs and ADAMTS by various mixtures of the three herbs that comprise SKI306X, and fractions thereof, warrant further investigation, as such activity would validate their potential as OA therapeutics.

KEY MESSAGE
===========

SKI306X and its herbal components inhibit glycosaminoglycan degradation in human cartilage from osteoarthritis patients in part by down-regulating catabolic gene expression.SKI306X fractions contain potential a disintegrin and metalloprotease with thrombospondin motifs-4 inhibitor(s).
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![Glycosaminoglycan (GAG) release from human osteoarthritis (OA) cartilage explants with interleukin (IL)-1β (10 ng/mL) in the absence or presence of an IL-1 receptor antagonist (IL-1Ra, 500 µg/mL) and SKI306X (200 µg/mL) or its herbal components, *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK) (50 µg/mL).\
^a^*p* \< 0.05 vs. control by *t* test, ^b^*p* \< 0.05 vs. IL-1β by one-way analysis of variance with a *post hoc* test.](kjim-29-647-g001){#F1}

![(A-E) Changes in matrix metalloproteinase (MMP) gene expression in human osteoarthritic cartilage after culture with interleukin (IL)-1β (10 ng/mL) in the absence or presence of SKI306X (200 µg/mL) or its herbal components, *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK) (50 µg/mL). Y axis: relative expression compared to control (Ctrl).\
^a^*p* \< 0.05 vs. control by Mann-Whitney rank-sum test, ^b^*p* \< 0.05 vs. IL-1β by one-way analysis of variance with a *post hoc* test.](kjim-29-647-g002){#F2}

![(A-C) Change in aggrecanase (a disintegrin and metalloprotease with thrombospondin motifs, ADAMTS) gene expression in human osteoarthritic cartilage after culture with interleukin (IL)-1β (0.02 ng/mL) + oncostatin M (OSM; 10 ng/mL) in the absence or presence of SKI306X (200 µg/mL) or its herbal components *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK) (50 µg/mL). Y axis: relative expression compared to control (Ctrl).\
^a^*p* \< 0.05 vs. control by Mann-Whitney rank-sum test, ^b^*p* \< 0.05 vs. IL-1β by one-way analysis of variance with a *post hoc* test.](kjim-29-647-g003){#F3}

![(A) Changes in aggrecan (AGC1) and (B) collagen type II (COL2A1) gene expression in human osteoarthritic cartilage after culture with interleukin (IL)-1β (10 ng/mL) in the absence or presence of SKI306X (200 µg/mL) or its herbal components, *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK) (50 µg/mL). Y-axis: relative expression compared to the control (Ctrl). Data are expressed as means ± SD of 10 chondrocyte strains.\
^a^*p* \< 0.05 vs. control by Mann-Whitney rank-sum test, ^b^*p* \< 0.05 vs. IL-1β by one-way analysis of variance with a *post hoc* test.](kjim-29-647-g004){#F4}

![(A-C) Changes in tissue inhibitors of metalloproteinase (TIMP) gene expression in human osteoarthritic cartilage after culture with interleukin (IL)-1β (10 ng/mL) in the absence or presence of SKI306X (200 µg/mL) or its herbal components, *Clematis mandshurica* (CM), *Prunella vulgaris* (PV), and *Trichosanthes kirilowii* (TK) (50 µg/mL). Y-axis: relative expression compared to the control (Ctrl).\
^a^*p* \< 0.05 vs. control by *t* test or Mann-Whitney rank-sum test (TIMP-3), ^b^*p* \< 0.05 vs. IL-1β by one-way analysis of variance with a *post hoc* test.](kjim-29-647-g005){#F5}

###### 

Primer sets used for real-time polymerase chain reaction
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MMP, matrix metalloproteinase; ADAMTS, a disintegrin and metalloprotease with thrombospondin motifs; COL2A1, type II collagen; AGC1, aggrecan; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Weights and yields of SKI306X fractions
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